Abstract: Parasite damage strongly affects dynamics of boreal forests. Damage levels may be affected by climate change, either directly or indirectly through changes in properties of host trees. We examined how herbivore and pathogen damage in Alnus viridis subsp. fruticosa (Rupr.) Nym. depend on leaf morphology and chemistry, tree size, and tree neighborhood. Damage and tree properties were measured in 2003 and 2004 on eight trees at each of 20 sites in Interior Alaska. Damage varied significantly among sites and among trees within sites, but Cartesian distances between sites were not correlated with similarity in damage levels. Compared with middle leaves, terminal leaves experienced less damage from phloemfeeding insects and pathogens, whereas leaf-roller damage was largely confined to terminal leaves. Summer drought in 2004 strongly reduced damage from phloem-feeding insects, while damage from chewing insects increased. Overall, herbivore damage was best explained by leaf morphology and chemistry, and pathogen damage by the proximity of other trees; the two damage types were not correlated with each other. Reproduction was negatively correlated with herbivore damage, but positively with pathogen damage. The contrasting relationships found for individual feeding guilds suggest that they must be studied separately in assessing impacts of climate change on parasite damage. 
Introduction
. These impacts vary considerably in time and space owing to intrinsic factors and variations in environmental conditions. In particular, climate change is likely to affect herbivores and pathogens (see reviews in Bale et al. 2002; Chakraborty and Datta 2003; Scherm Herbivores and pathogens are known to have strong impacts on their plant hosts, altering survival, growth and reproduction and, consequently, species composition and succession rates of plant communities (e.g., Burdon 1987 Burdon , 2004 and to modify their impacts on plant communities (Coakley et al. 1999; Ayres and Lombardero 2000; Malmstrom and Raffa 2000; Niemala et al. 2001; Roy et al. 2004) . These effects are likely to be most pronounced in regions with considerable climate warming, and in ecosystems where outbreaks of herbivores or pathogens may radically damage plant communities. For both reasons, it is expected that boreal forests may be particularly affected by effects of climate change on herbivores and pathogens.
Climate change may atfect interactions between plants and invertebrate herbivores or pathogens (hereinafter collectively referred to as "parasites") through several direct and indirect pathways, which act at differing spatial and temporal scales. For example, the development of parasite populations may directly depend upon temperature, and their impact on host plants will then change rapidly in response to climate warming. Altematively (or additionally), the development of parasite populations may depend mainly on the quality of plant tissues (nutrient content, secondary chemistry, toughness), the plant species composition, or the structure of plant communities. Effects of climate will then be mediated by the responses of host plants to climatic conditions, which may occur over years or decades, and the responses of parasites will be delayed accordingly. Large delays are particularly expected if the responses of plants to climate change are themselves mediated by changes in soil conditions, such as nutrient or water availability.
The possibility of indirect long-term effects of climate change on parasite damage introduces a considerable uncertainty in attempts to assess implications of climate change for plant-parasite interactions. Even in regions where there has already been substantial climate warming, long-term changes in parasite damage may be much greater than those observed presently. To evaluate this possibility, it is necessary to know whether long-term, indirect effects of climate change on parasite damage are likely to be more important than short-term, direct effects. A first step consists in determining to what extent plant traits and population structure influence parasite damage, and whether there is evidence that influential factors might be modified as a result of the anticipated climatic change.
Two further questions are relevant in this context. First, how will changes in the amount of parasite damage affect host performance (e.g., growth or reproduction)? The sensitivity of hosts to parasite damage may change under modified climatic conditions. For example, improved plant nutrition on warmer soils may enable plants to compensate for increased losses of resources to parasites. Conversely, increased water stress may reduce the ability of plants to tolerate parasite damage and may exacerbate the effects of parasites on host performance.
The second important question is whether and how the responses of herbivores and pathogens are related to each other. Most plant species harbor multiple herbivores and pathogens, whose effects on hosts may interact (Nakamura et al. 1995; Stinchcombe and Rausher 2001; Siemens and Roy 2005) . However, the nature of these interactions has hardly been investigated (Marquis and Alexander 1992; Hatcher 1995; Biere et al. 2002, Siemens and Roy 2005) . If the responses of herbivores and pathogens to climate change are positively correlated, implications for plant populations are likely to be greater than if herbivores and pathogens respond differently. Empirical studies have revealed both positive associations (e.g., Simms and Rausher 1993; Johnson et al. 2003; Biere et al. 2004 ) and negative associations (e.g., Nakamura et al. 1995; Siemens and Mitchell-Olds 1998; Thaler et al. 2002) between herbivores and pathogens, but most of these studies were concemed with species pairs and did not consider correlations for the entire herbivore and pathogen communities.
The aim of the larger project, of which these results are a part, was to evaluate the role of direct and indirect pathways through which climate change might affect plant-parasite interactions in the boreal forest. To this end, we studied how parasite damage on Alnus viridis subsp. fruticosa (Rupr.) Nym. (Siberian alder), a common and widespread nitrogenfixing shrub, varies among and within 20 sites in Interior Alaska. The 20 sites differed considerably in temperature and soil conditions as a result of differences in slope and aspect (south-exposed slopes being much warmer than northexposed slopes). Thus, variation in parasite damage among these sites might be due to the direct effects of environmental variation on parasites, or due to indirect effects mediated by differences in plant properties and population structure or other biotic factors. The first possibility will be examined in a later paper; in this manuscript we examine the second possibility by studying how plant properties and population structure vary among and within sites, and how they are related to parasite damage at both spatial scales. We further studied how variation in parasite damage affects the performance (reproductive investment) of host plants. Finally, in assessing parasite damage, we distinguished between herbivores and pathogens, and for herbivores, between different feeding guilds, to determine whether and how their impacts on host plants are correlated. We investigated these questions by surveying parasite damage, plant traits, community structure and reproduction of A. viridis at the 20 sites in two consecutive years with different environmental conditions, which allowed us to evaluate whether relationships between damage levels and explanatory variables were consistent across years.
Materials and methods

Sites and climatic conditions
All sites were located within the boreal forest in Interior Alaska, an environment characterized by extremely cold (June + July + August precipitation = 213 mm or 167% of long-term mean, with the wettest July on record), but with close to average temperatures (June-August mean = 15.0°C) (climate.gi.alaska.edu/Climate). In contrast, 2004 had a very wet spring (April + May precipitation = 52 mm or 236% of the mean, with the wettest May on record), but the rest of the summer was extremely dry (June + July + August precipitation = 33 mm or 26% of mean) and excep- 1987) , is a colonizing shrub 1-4 m in height with wind-dispersed seeds and wind-pollination (Viereck and Little 1986) . This circumpolar species is ubiquitous throughout the boreal understory and is found across a wide range of environments (Hulten 1968; Viereck and Little 1986) . Within each site, eight trees or shrubs (minimum size: 3 stems > I cm in diameter) were randomly selected and marked with metal tags. Almost all individuals at our sites met the minimum size criteria, since very few seedlings or saplings were found. At one site, alder density was very low, and only six trees were sampled. To describe community structure, the distance of each tree to the nearest alder and to the nearest deciduous tree (birch or aspen, up to 10 m away) were measured. These other species of deciduous trees may represent additional potential hosts for herbivores or pathogens, and their density varied greatly among sites. At eight sites, marked alders were mapped by measuring the distance and direction from the central point.
Tree size was estimated by measuring the diameter of all stems > 1 cm in diameter at approx 25 cm from the ground (or, in the case of large dead stems with new sprouts, 25 cm from the base of the sprout). Tree basal area was calculated as the sum of the cross-sectional area of all measured stems. Reproductive investment was estimated in 2003 on a per branch and per leaf basis. This approach was needed to obtain comparable data as trees varied greatly in size and morphology, and a complete catkin count was impractical. We randomly selected two branches on opposite sides of each tree, with a minimum diameter of 1.5 cm, and we counted the number of male and female catkins on the branch, as well as all leaves distal to the point where the branch diameter was 1.5 cm. We also noted the occurrence of browsing by moose (Alces alces L.). Because of the potential for high variability in branch and leaf morphology, we examined reproduction (number of male and female catkins, and percentage of catkins that were female) not only per branch, but also per total leaf mass (number of leaves multiplied by mean leaf mass) on that branch. This allowed us to examine investment in reproduction relative to leaves for branches of similar size.
Parasite species identification
We tried to determine what caused the different kinds of damage (pathogen, herbivore, environmental damage such as drought) through careful field and microscopic observation. For a particular kind of damage to be declared as being caused by a fungal pathogen, definitive characteristics such as spores, hyphae, or asci had to be observed on the sample. All leaf pathogens that could be identified were fungal. Insects were often directly observed causing particular kinds of damage. They were divided by feeding guild into "chewers" (all forms of herbivory caused by the chewing mouthparts of caterpillars and beetles, for example, holes, rasping, edge bite, etc.), "suckers" (caused by phloemfeeding insects such as aphids and psyllids), "miners" (larvae that leave mine traces), and "leaf rollers" (Table 1) . Leaf rollers were analyzed separately from other chewing insects because the area damaged is much greater than that consumed. Some types of damage, such as chlorosis (yellowing associated with reduced photosynthesis and loss of chlorophyll) or premature senescence, may be the result of multiple causes. Since they could not be assigned to herbivore or pathogen category they were included in total damage calculations, but not in other categories.
Parasite damage
Trees were surveyed for parasite damage at the end of the growth season in 2003 (11-24 August) and 2004 (9-18 August). To determine whether early-season damage by herbivores or pathogens predicted late-season damage by the other group, we also performed one survey earlier in the growth season (5-16 July 2004). Leaves were sampled from four branches (approximately equally distributed around the tree) at a height between 1 and 2.5 m. To examine possible effects of leaf position, the outermost fully expanded leaf ("terminal leaf") and a leaf from the middle of each branch were evaluated. These leaves most probably were of the same age as alder leaves are generally produced during one initial flush in May (personal observation).
For each leaf we visually estimated the percent of leaf area damaged by each type of herbivore or pathogen. If leaf area had been removed, e.g., by herbivores, damage was expressed relative to the leaf area originally present. This leafbased damage estimate did not account for possible leaf loss during the growth season. However, a separate leaf marking experiment in 2004 showed that leaf loss was very low (0.72% between 5-16 July and 9-18 August; C. Mulder and B. Roy, unpublished data, 2004) and, therefore, unlikely to affect the outcome. Since, in most cases, the species responsible for the damage was not seen, we primarily described types of damage (e.g., holes on the edges of the leaf versus near the midrib, shredding, rasping); the same organism may have been responsible for multiple types of damage, or multiple species may have caused damage of similar appearance.
Leaf morphology and chemistry
All of the leaves on which we measured damage were collected in 2003 for further analysis; in 2004, four of the surveyed leaves per tree (two middle and two terminal) were collected. All leaves were dried at 55°C for 48 h and weighed to the nearest 0.0001 g. Leaf area was measured using a CI-202 area meter (CID Inc., Camas, Wash.). From these data we calculated leaf mass per area (LMA; grams per square metre). A preherbivory leaf area was calculated by adding the area of the leaf removed entirely by herbivores (e.g., holes) to that provided by the leaf area meter. Similarly, we estimated a preherbivory leaf mass by adding in the mass of areas removed entirely by herbivores (based on LMA values). For all damage analyses we report results using the preherbivory leaf areas; analyses for uncorrected estimates of area damaged were almost identical and are not reported.
Leaf chemistry was determined on differing sets of leaves to assess leaf-level variation and the effect of leaf position while keeping the number of analyses manageable. In 2003 we selected nine sites from which leaves were analyzed individually (three randomly selected trees per site; n = 194) or combined by leaf position (the remaining trees). For the remaining sites in 2003 and for all trees in 2004, leaves were bulked per tree. All samples were ground on a roller mill (U.S. Stoneware, East Palestine, Ore.) and, %N, %C, and 8 13 C
were obtained using a ThermoFinnigan Delta plus XL (Thermo Fisher Scientific, Inc., Waltham, Mass.) with a ECS4010 elemental analyzer (Costech, Valencia, Calif.). We used %N as an indicator of leaf nutrient content, %C as an indicator of tissue structure (higher lignification leading to greater %C), and 8 13 C as a combined indicator of high photosynthetic activity and water stress (both lead to reduced l3 C discrimination and result in less negative 8 13 C; (Ehleringer and Cooper 1988; Toft et al. 1989; Caldeira et al. 2001) . Results for 13 C abundance are expressed in the standard notation (8 13 C) in parts per thousand (%o) relative to the international standard (Vienna Pee Dee Belemnite)
Statistical analyses
Analyses were performed using SAS (version. 8.02, SAS Institute Inc., Cary, N.C.) except where noted. Where appropriate, data were transformed to meet model assumptions.
Means in text are presented ±SE.
To evaluate the relative importance of between-site and within-site variation in parasite damage, we ran a hierarchical ANOVA including the random factors site, tree within site, branch within tree, and leaf within branch, and reported the variance components for each level of variation as a proportion of the total. As there was large variation in damage among leaves within branches, differences between middle and terminal leaves were tested using a mixedmodel ANOV A, with trees as random factor and leaf position as fixed factor. Variation in leaf properties was analyzed with the same models as leaf damage. For tree morphology, the hierarchical ANOV A was simplified to include only the factors site and tree within site.
The dependence of parasite damage on plant properties and population structure was analyzed with stepwise multiple regression (P-to-enter = 0.1, P-to-stay = 0.05). Explanatory variables were those related to leaf morphology and chemistry (area, mass, LMA, %N, %C, 8 15 C), tree morphology (basal area and number of stems) and tree neighbourhood (distance to nearest alder, and distance to nearest birch or aspen). These analyses were run both on raw means per tree ("across site relationships") and on data adjusted for site effects (using residuals after removing the site mean for all variables; "within-site relationships"). This distinction was made because across-site relationships were possibly driven by environmental differences between sites, whereas within-site relationships were most probably not, since environmental conditions varied little within sites. Comparing the two types of relationships would therefore provide some information about the importance of environmental variation for plant-parasite relationships.
The effect of parasite damage on reproductive investment was analyzed with simple regression, either across sites (based on raw means per tree) or within sites (using residuals after removing the site mean). Finally, relationships between herbivore and pathogen damage were tested with Pearson correlations. AIl analyses were carried out separately for 2003 and 2004 to see whether the results were consistent across the two years.
We evaluated the effects of Cartesian distance within and between sites for herbivore and pathogen abundance. For the eight sites at which we had mapped individual trees, we calculated the absolute differences in damage values in 2003 for all pairs of trees. These matrices were correlated to the distances between trees (range = 1.4 m to 48.1 m) using a Mantel test (Mantel 1967 ). This procedure was repeated for distances between sites (which ranged from 0.13 km to 63.8 km) using differences in means per site. We tested for a "tree effect" (consistency for trees in herbivore and pathogen abundance and leaf characteristics across years) by combining the 2003 and 2004 datasets and running an ANOV A including year, site, and tree in the model. Since trees are consistent across years in genotype and local community structure, a lack of consistency in damage levels would indicate that these factors are relatively unimportant. Furthermore, if leaf characteristics are consistent across years but damage levels are not, this suggests that leaf characteristics are also relatively unimportant in determining damage levels.
Results
Variation in parasite damage
Total mean damage per leaf was slightly greater in 2003 (20.8%) than in 2004 (18.1%; Fig. 1 ; using tree means F [1, 288] = 6.00, P = 0.015), but whereas herbivore damage comprised the vast majority of the biological damage in 2003 (82%), in 2004 herbivores and pathogens contributed similarly to biological damage (46% and 54% respectively; Fig. 1 ). For feeding guilds, damage by sucking insects was much greater in 2003 than 2004, while the reverse was true for leaf rollers (Fig. 1) .
Variation in total leaf damage, herbivore damage, and pathogen damage (on a per-area basis) were explained by site and (in most cases) by tree within site in both years ( Fig. 2A) . There was little variation among branches within trees ( Fig. 2A) . For individual herbivore feeding guilds, results varied between the two years (Fig. 2B) ; in 2003, trees within sites explained variation for all four groups, while in 2004 tree-level variation was significant only for sucking insects. Branch-level variation was only important for chewing insects. Unlike the other damage types, leaf rolling damage did not vary significantly among trees, and differed among sites only in 2004 (Fig. 2B) .
Leaf characteristics showed similar patterns of variation, although generally the total amount of variation explained was greater than for damage variables, and a greater proportion could be attributed to site differences (Fig. 2C) . Both sites and trees within sites showed significant variation for all leaf characteristics except %C. In contrast, branches within trees only differed in their 8 13 C. For variables measured at the tree level only, the amount of variation explained by site was 44% for distance to nearest alder, 70% for distance to nearest birch or aspen, 34% for number of stems, and 26% for basal area (P < 0.001 for all).
Leaf position (middle vs. terminal) affected levels of damage (Table 2) : sucking damage and pathogen damage were greater on middle leaves, whereas leaf rolling damage and chewing damage were greater on terminal leaves. The effect of leaf position was most pronounced for leaf rolling. Leaf position also affected leaf morphological and chemical characteristics. Terminal leaves had a slightly smaller area, a greater LMA, lower C:N ratio, and higher 8
13 C values than middle leaves (Table 2 ).
Temporal and spatial correlations
Trees within sites were not consistent in either levels of herbivore damage or pathogen damage across years (P > 0.8 for both). In contrast, trees within sites were consistent between years in most leaf characteristics ( There was no evidence for spatial correlations in damage levels over the scales at which we measured them. At the across-site scale there was no significant correlation between geographic distance and differences in herbivore or pathogen damage (Mantel tests, P > 0.1 for both). At the within-site scale, there was no relationship between herbivore damage and distance between trees for any site for (P > 0.05 for all), while for pathogen damage, six sites showed no relationship, one had a weakly positive correlation (r = 0.35; P = 0.039), and one a weakly negative correlation (r = -0.39; P = 0.042), again providing no consistent evidence for consistent spatial autocorrelation.
Dependence of damage on tree and leaf properties Most types of damage were significantly related to one or several tree and (or) leaf properties across sites (Table 3) ; only leaf-rolling damage was not significantly related to any of these properties. Total herbivore damage was mainly explained by leaf properties (leaf mass and 8 13 C in 2003; LMA in 2004) , reflecting the responses of chewing and sucking insects to these properties. In contrast, mining damage and pathogen damage were mainly explained by tree neighborhood (distance to the nearest alder or to the nearest other deciduous tree), but the direction and type of relationships differed between the two years. Since we found that distance to potential additional hosts explained variation in pathogen damage, we examined whether this also affected leaf qualities. In both years, leaves on trees that were closer to birches or aspen were larger in area, thinner (lower LMA values), and had lower ol3C values; (P < 0.0001 for all); in 2003 they also had higher %N (P = 0.008).
Even where relationships with tree or leaf properties were highly significant, they only partly explained between-site variation in parasite damage; if site was entered as additional factor into hierarchical regression models after the variables retained by the stepwise model selection, the site effect was significant in most cases, and it generally explained more variation than all other variables together (Table 3) . Within sites, only two weakly significant relationships with leaf mass were found, which hardly exceeds the number of significant relationships expected by chance alone when running twelve models at 0x: = 0.05. This suggests that variation in damage among trees within sites was unrelated to tree and leaf properties.
We reran the stepwise regressions using the mass of the leaf affected by herbivores or pathogens as the response variables to determine to what extent relationships between damage (as measured by area) and leaf size (mass or area, which were highly correlated, Pearson's r = 0.79) reflected changes in leaf size rather than biomass affected. As expected this altered the direction of the relationship between damage by herbivores and leaf mass from negative to positive and resulted in the addition of leaf mass to the model for pathogen damage, but otherwise it had no effect.
Correlations between pathogens and herbivores
Herbivore and pathogen damage (on a per-area basis) were not correlated, whether evaluated as means of trees across sites or for leaves within trees (P > 0.1 for both).
For 2004 data, we had estimates from two time periods (early July and mid-August), allowing us to examine the impact of the damage of one group early in the season on damage by the other group toward the end of the season. There was no correlation between early season herbivore damage and late-season pathogen damage (r = 0.11, P > 0.1) or between early season pathogen damage and late-season herbivore damage (r = -0.04, P > 0.1).
Damage levels and reproduction
Sites differed greatly in percent of trees reproducing (range = 0%-80%), mean number of catkins per branch (0-45), mean number of catkins per leaf (O--O.l), and the proportion of catkins that are female (0%-86%) (differences among sites: P < 0.01 for all). There was no relationship between tree size (basal area or number of stems) and number of catkins per branch or per leaf mass on that branch, whether across or within sites (P > 0.1 for all).
Across sites, mean number of catkins per branch was lower in trees with greater herbivore damage (F [l,152] = 6.86, P = 0.0096; Fig. 3A) . This relationship was slightly stronger for female catkins (parameter estimate = -0.033) than for male catkins (parameter estimate = -0.027). As a result, the proportion of female catkins was lower in trees with greater herbivore damage (F[1.84] = 4.88, P = 0.030).
When calculated on a the basis of catkins per leaf mass, the relationship was also negative for the total catkins (F[ I,144] = 5.03, P = 0.026), although only marginally significant for female catkins .(P = 0.052) and not significant for male catkins (P = 0.11). Within sites, the number of catkins per branch was similarly negatively related to herbivore damage (F [1, 133] = 7.15, P = 0.008), but this relationship was similar for female catkins (parameter estimate = -0.027) and male catkins (parameter estimate = -0.032) (Fig. 3B) , and the number of catkins per leaf mass on the branch was unrelated to herbivore damage (total, male and female catkins: P > 0.1 for all, data not shown).
Catkin production per branch showed a significant positive relationship with pathogen damage, both across sites (F [1, 152] = 13.69, P = 0.0003; Fig. 3C ) and within sites (Fig. 3D) . This was driven primarily by changes in the number of female catkins (parameter estimate = 0.13, compared with 0.05 for male catkins), so that the proportion of female catkins was also positively related to pathogen damage (F [1, 131] = 15.09, P = 0.0002). Results were similar for the number of catkins per leaf mass on the branch across sites (for total catkins: F [l,l44] = 5.66, P = 0.019) and in the same direction, but not significant within sites (F [1, 124] = 2.49, P = 0.12).
Male catkin reproduction was greater on plants that had been browsed by moose than on unbrowsed plants (17 ± 4 vs. 5 ± 1; F [1, 153] = 10.76, P = 0.0013), but there were no differences in number of female catkins or number of leaves per branch (P > 0.1). However, the differences in number of male catkins could be attributed entirely to site differences; once site was included in the model, there was no significant effect of browsing (P > 0.2).
Discussion
The dominant paradigm in the ecology of plant-enemy interactions is that intrinsic resistance, either constitutive or induced, controls the amount of damage received by plants (Ehrlich and Raven 1964; Coley 1983; Agrawal 1998; Parker and Gilbert 2004; Taylor et al. 2004; Wimp et al. 2005; Jones and Dangl 2006) . Our results instead suggest that while alder leaf characteristics (for herbivores) or neighbourhood characteristics (for pathogens) explain some of the variation in damage, these variables cannot account for much of the variation in damage among sites. In the boreal forest, the environment may be as or more important than individual tree or leaf characteristics in driving damage by parasites.
Mechanisms for differences in damage within and among sites
Damage by sucking and chewing insects
Both sites and trees within sites explained a significant proportion of the variation in sucking and chewing damage (Fig. 2) . Stepwise regressions on tree-level data indicated that at the across-site level, damage by chewers and suckers was related to leaf characteristics, with some additional variation explained by tree basal area and host density (Table 3) . However, at the within-site level, damage was unrelated to leaf characteristics. The most likely explanation for this is that there was insufficient variation in these characteristics within sites to drive variation in herbivore damage: variation in leaf characteristics was much greater between sites than between trees within sites for almost every variable measured, and almost half of the variation in distance to nearest alder was explained by site. Furthermore, site still explained additional variation in chewing and sucking damage even after all other variables were accounted for. This suggests that either we did not measure some of the characteristics that explain variation (e.g., secondary compound concentrations), or that direct impacts of environmental differences contributed to variation among sites.
For sucking damage, the relationships with leaf characteristics are consistent with the environment having a significant effect. Damage was greater on trees with low LMA values (thinner leaves) and low 8 l3 C values in 2003 (when damage by sucking insects represented two-thirds of all damage; Table 3 ) and, within trees in both years, on the middle leaves, which had lower LMA and 8
13 C values than outer leaves in 2003 (not measured in 2004; Table 2 ). The negative relationship with 8 l3 C values indicates that the sucking insects were sensitive to light or, more likely, drought stress. In low light environments, such as the interior of trees or trees in dense stands, leaves tend to be large and thin (low LMA; (e.g., Loach 1970; Bazzaz 1979; Popma and Bongers 1988; Niinemets and Kull 1994; Beaudet and Messier 1998) and have more negative 8 l3 C values (e.g., Ehleringer and Cooper 1988; Toft: et al. 1989; Caldeira et al. 2001) ; they may also have higher water potential ( Vanderklein et al. 2004) . Our data suggest a preference for or greater growth, under such conditions, for sucking insects. Leaf water content is often positively correlated with insect growth rates (Scriber and Slansky Jr. 1981) , and sucking insects may be particularly sensitive to leaf turgor and source-sink relationships (Jones and Coleman 1991) : a recent meta-analysis showed that the majority of sucking insects performed significantly less well on water-stressed plants (Huberty and Denno 2004) . The low precipitation in interior Alaska may result in low phloem moisture content: moisture content was 20% lower in phloem of spruce (Picea glauca) trees in interior Alaska than in south-central Alaska (Werner and Holsten 1985; Werner et al. 2006) . Low light availability may also result in reduced fiber content (Larcher 1980) and it may be easier for sucking insects to reach the veins of these thinner leaves (peeters 2002) . Consistent with the hypothesis that drought stress limits the growth or reproduction of sucking insects, in 2004, a year with a record hot and dry summer, damage levels were reduced to 23% of those in 2003 (Fig. 1) . In that year 8 13 C values were not retained in the regression model, but this may simply reflect low variation in moisture availability (i.e., that all trees were extremely dry). In general, the hypothesis that damage levels by sucking insects may be limited by moisture levels is supported by comparisons at three different scales: leaves within trees, trees between sites, and differences between years.
Damage by chewing insects was greater on trees with high LMA values (Table 3) , and on terminal leaves (with higher LMA values) than on middle leaves (Table 2) . Chewing damage was also greater on trees with a higher %N content (in 2004; Table 3 ), consistent with the results of many studies that have found positive relationships between host leaf %N and insect survivorship, growth and reproduction (e.g., Mattson 1980; Scriber and Slansky Jr. 1981; Mattson and Haack 1987; White 1993) . Unlike the results for damage by sucking insects, there was no evidence that drought stress had a negative impact on levels of damage by chewing insects. Other studies have similarly shown few responses of chewing insects to plant stress (Larsson 1989) , possibly because they do not discriminate very well between different tissues, and positive effects of stress (e.g., increases in soluble N, White 1984) are counteracted by increased secondary compounds (Gershenzon 1984; Mattson and Haack 1987) .
Damage by leaf-mining insects
There were significant differences between sites in damage due to leaf-mining insects in both 2003 and 2004, although in 2003 this explained little of the total variation (Fig. 2B) . The stepwise regressions (Table 3 ) did identify some variables that explained variation, including neighbourhood variables and a leaf chemistry variable (8 13 C in 2004 only). Thus, mining damage differences between sites that do exist can be explained primarily by community characteristics.
Damage by leaf-rolling insects
For leaf-rolling insects, differences between sites were significant only in 2004 (Fig. 2B) . No variables were identified in the stepwise regressions for leaf rollers (Table 3) ; combined with the poor ability of sites or trees to explain damage levels we have to conclude that leaf rollers appear to be fairly insensitive to host or community characteristics. Leaf rollers were almost entirely limited to terminal leaves (Table 2) ; since leaf characteristics for inner and terminal leaves overlap substantially (and failed to explain variation at the between-tree scale), this suggests that this pattern may be more related to spatial location. For example, leafrolling insects might develop better on leaves at the edge of the canopy, or the moths might have a preference for terminal leaves as has been found for other species (Wearing 1998; Miyashita and Kawanishi 2003) . Of all feeding guilds, leaf-rolling insects showed the largest proportional change in damage levels between years, increasing almost l0-fold between 2003 and 2004. This is consistent with the status of Epinotia solandriana L., the most abundant and likely the only leaf-rolling insect at our sites, as an outbreak species (Holsten et al. 2001) , as well as with other studies demonstrating strong interannual variation in the Alaskan boreal forest (Werner et al. 2006 ). These results suggest that changes in summer conditions of the kind represented by our range of sites are unlikely to greatly affect damage to alders by leaf rollers.
Damage by pathogens
Both sites and trees within sites differed in levels of pathogen damage, with trees within sites explaining much more of the variation (Fig. 2A) . The stepwise regressions identified distance to the nearest birch or aspen as the best predictor for damage levels in both years, but in opposite directions (Table 3) . We do not have a good explanation for this, beyond noting that the species composition of the pathogen community changed substantially between years, and our leaf characteristic analysis revealed that leaves on trees closer to birches differed significantly in several characteristics from those that were not close to birches. Sites still explained differences in pathogen damage after all other characteristics were accounted for. Thus, as· for damage by chewing and sucking insects, we have either failed to measure important leaf characteristics, or the environmental differences among sites are driving differences in pathogen damage.
Like damage by sucking insects, pathogen damage was greater on middle leaves than on terminal leaves in both years (Table 2) . However, unlike for sucking insects, there is little evidence that this is due to drought stress per se. First, damage levels were three times greater in the drier year, whereas sucking damage was low in the dry year. Second, the model selection exercise did not result in the retention of leaf characteristics associated with light or water stress in either year (Table 3) . Instead, we suspect that drought stress reduced resistance, enabling increased infection, and that the higher infection on internal leaves is the result of higher humidity inside the canopy [many pathogens require free water on the leaf surface for germination (Bradley et al. 2003) ].
Spatial and temporal patterns in damage
Spatial patterns
Differences between sites could be due to geographic isolation of different sites, but there was no relationship between distance between sites and difference for any of the response variables, despite the fact that some sites were very close (e.g., 130 m and 190 m) andothers quite far apart (up to 68 km). Furthermore, trees close to each other within a site were not more similar in damage than those farther apart within the same site. This does not necessarily mean that there is no spatial autocorrelation for herbivore and pathogen communities: such patterns may be restricted to intermediate scales (100+ m to a few kilometres) and we may simply have lacked the power to detect them, or larger-scale patterns may have been broken up by our deliberate spatial interspersion of sites with different environmental conditions. However, these results do suggest that at the scales we examined, spatial patterns are overwhelmed by effects of site-specific conditions. Furthermore, any existing spatial autocorrelation patterns are likely driven by pest characteristics (e.g., dispersal limitation) rather than tree characteristics: there is little genetic spatial structure for neutral genes (i.e., trees within a site are not more similar genetically than between sites; B.A. Roy and C. Mulder, unpublished data, 2003) , and this is not surprising given that A. viridis is wind-pollinated and produces copious seeds that are widely dispersed by wind and water (Viereck and Little 1986) .
Temporal patterns
Trees did not show a consistent pattern over time for herbivore or pathogen damage; that is, knowing the damage level for a given tree in one year provided no information about relative damage level in the following year. Thus, even when tree location, size, and neighbour characteristics are constant, damage levels are not. This matches results from the stepwise regressions: herbivore damage was poorly explained by tree morphology or neighbourhood characteristics, while for pathogen damage, results were inconsistent between years (Table 3 ). In addition, our results suggest that herbivores are relatively insensitive to tree genotype, or that there are environment x genotype interactions such that the preferred genotype is dependent on environmental conditions. This conclusion is supported by results from a reciprocal transplant experiment which found no maternal family effects for herbivore damage (B.A. Roy and C. Mulder, unpublished data, 2005) .
Relationships between herbivores and pathogens
All lines of evidence suggest that herbivores and pathogens are not directly affecting each other, at least not as groups. First, there was no significant correlation between herbivore damage and pathogen damage at any spatial scale. Second, there was no correlation between damage by one group early in the season and damage by the other group late in the season. Third, the variables that best explained variation in herbivore abundance (leaf characteristics) were different from those that best explained variation in pathogen abundance (neighbourhood characteristics) (Table 3) . This does not mean that no one individual species from one group affects the other, but rather that at the community level there do not appear to be consistent interactions. Thus there is no reason to believe either that effects of changes in the environment will be similar across groups, or that changes in one will compensate for or exacerbate changes in the other.
Relationships between herbivore and pathogen damage and reprodnction
As expected, greater damage by herbivores was correlated with lower investment in both male and female catkins: trees with > 15% of their leaf area damaged produced few (<10) female catkins per branch (Fig. 3A) . Sites differed greatly in reproduction levels, and at least for male catkins this may be driven in part by differences in levels of herbivory by moose, who consume alder primarily at sites where wi1low (Salix spp.) are absent (personal observation), and whose browsing results in a release from apical dominance and a subsequent increase in the number of meristems (personal observation). Despite the very large differences between sites in reproduction, this pattern of lower reproduction with higher damage was not solely driven by site differences; the same pattern held within sites as well (Fig. 3B) . We cannot determine whether this is because trees that are in poor general health are both more susceptible to herbivores and less able to invest in defense, or whether herbivore damage directly, affects reproductive output. Calculating catkin number on a per-leaf-mass basis did not really clarify this: there was a negative relationship between this variable and herbivore damage when examined across sites but not within site (although the direction was still negative). Our measurement of fitness is necessarily an estimate, given that it is not possible to measure lifetime reproduction of a long-lived perennial species. Furthermore, we did not measure additional fitness components such as seed number or viability. However, our data do suggest that high levels of herbivore damage may reduce reproductive fitness.
Pathogen damage was also correlated with catkin production but, unexpectedly, the relationship was positive both across and within sites (Figs. 3C and 3D ). This is particularly surprising given the lower levels of pathogen damage compared with herbivore damage, although we were only able to estimate damage on the leaf surface, not within the leaf. Furthermore, even when examined on a per-leaf-mass basis, the relationship held, at least across sites. There are several possible explanations for this relationship. First, if the primary impact of pathogens is to reduce resource availability, then the impacts on reproduction may not be detectable until later years, and there may be a negative relationship between catkin production in 2003 and pathogen damage during the previous year(s). This would explain the lack of a relationship (since trees show little consistency between years in pathogen levels), but it does not explain a positive relationship in 2003. Alternatively, the causal relationship may be in the opposite direction: high catkin production may represent greater general health, and such trees may also provide better conditions for pathogens. If pathogens thrive on more vigorous trees, then one might expect that within sites, larger trees would also have more catkins and higher pathogen damage (within sites, larger size is likely to represent more vigorous growth, since alder recruitment opportunities appear to be rare and trees are likely to be of very similar age). There is little support for this as there was a positive relationship between basal area and pathogen damage levels, but only for one year (2004) and only at the between-site level (Table 3) , and there was no relationship between plant size and catkin production. Third, alders may be able to tolerate or compensate for pathogen damage. Tolerance to damage is not uncommon for herbivory (Strauss and Agrawal 1999) and it has also been reported for some pathogens (Roy and Kirchner 2000; Roy et al. 2001) . The increase in the female to male sex ratio associated with pathogen damage is intriguing, and points to a potential role of fungal hormones. Fungal pathogens are known to cause many hormonally regulated changes in plants (Agrios 1988) . For example, Puccinia monoica and Puccinia thlaspeos, which cause flower-like structures to form on host plants (Roy and Widmer 1999) , produce both auxin-like and cytokinin-like compounds (Stirk et al. 2006) . Fruitful areas for future research include determination of mechanisms that may be altering sex ratios and enabling compensation for pathogen damage.
Implications for damage levels changes under climate change and directions for future research
There are two ways in which the data can give some insight into mechanisms through which climate change might affect the levels of herbivore and pathogen damage experienced by plants. First, plants were selected from sites that differed greatly in environmental characteristics in the hope that this would also result in large differences in plant and community characteristics; this is supported by the very large site differences in leaf variables (Fig. 2C) and by the fact that trees were consistent across years in leaf morphology (a reflection of consistent environmental conditions). This allowed us to examine the extent to which these variables affect herbivore and pathogen damage; if fast-responding variables such as leaf morphology and chemistry are good predictors of damage levels, then we might expect to see rapid indirect effects of climate change that are mediated by plant responses. Second, the extremely hot, dry, and smoky conditions experienced during the summer of 2004 represent an extreme event of the type that is predicted to occur with greater frequency in Interior Alaska in the future (Soja et al. 2007 ). Thus, the comparison between 2003 and 2004 is more interesting than between most sets of years: if we detect no differences between those two years in either leaf characteristics or herbivore and pathogen damage, then those variables are relatively insensitive to environmental conditions (and possibly climate change in general).
We found evidence for relationships between leaf morphology or chemistry and levels of damage by the most common herbivore guilds (sucking and chewing insects) (Table 3) , but very little evidence that tree size, host density, or density of potential alternative hosts could explain damage levels. Thus, there is the potential for any impacts of climate change on host chemistry or morphology to also affect herbivory levels. However, leaf characteristics are expected to respond rapidly to changes in this deciduous plant, so it is unlikely that this will introduce long lagtimes between impacts of climate change and herbivore responses. Furthermore, the two guilds are likely to respond very differently to changes in leaf characteristics. Sucking insects appear to be most sensitive to variables associated with water stress; although the large drop in damage levels in 2004 compared with 2003 could simply be the result of interannual variation unrelated to environmental conditions, it is entirely consistent with the within-year relationships and evidence from the literature. Any reduction in damage levels by sucking insects under greater drought stress may be countered by increased damage by other herbivore guilds, particularly chewing insects, which do not appear to be sensitive to drought stress. We found that high herbivore damage levels are correlated with reduced catkin production; further research on changes in fitness and mechanisms underlying these changes would help elucidate the potential for indirect effects of climate change on plant fitness via herbivore damage.
We found little evidence for the potential for climate change to alter herbivore damage via variables that change at much slower rates, such as tree morphology or neighbourhood characteristics. There was evidence that pathogen damage was affected by the proximity of other deciduous trees, but it was not consistent between years. However, the question of how plant community structure affects levels of pathogen damage merits further attention.
For all guilds except leaf-rolling insects, there were large differences in damage levels between sites that could not be explained by any of the variables measured, nor by spatial distribution of trees or sites. The most likely explanation is that there are direct effects of different environmental conditions on parasite populations. Future studies should distinguish between herbivore and pathogen damage. There was no evidence for either a positive or a negative relationship between herbivore and pathogen damage, and impacts of each on catkin production were opposite. Thus total impacts on reproduction may depend, in part, in changes to the relative importance of herbivore vs. pathogen damage.
